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The  physiologic  role  of  red  cell  2,3  DPG  has  been  studied  In  various  situations. 
Healthy  volunteers  were  studied  after  exposure  to  a simulated  altitude  of  4,500  meters 
Stable  anemic  recipients  were  studied  to  determine  the  effects  of  therapeutic  trans- 
fusions of  red  cells  with  low  2,3  DPG  and  high  affinity  for  oxygen,  and  the  effects 
of  transfusion  of  red  cells  with  1-1/2  to  2 times  normal  2,3  DPG  levels^  Hyper- 
ventilated, anemic  baboons  were  studied  to  determine  the  effects  of  therapeutic 
transfusions  of  red  cells  with  high  2,3  DPG  and  low  affinity  for  oxygen  and  of  red 
cells  with' low  2,3  DPG  and  high  affinity  for  oxygen. > 

^The  red  cell  2,3  D^G  level  affects  the  In  vivo  P™  value  which.  In  turn,  affects 
erythropoietin  production.  In  the  baboon,  the  rea  cell  2,3  DPG  level  has  been  shown 
to  Increase  oxygen  delivery  to  tissue  and  decrease  blood  flow  requirements  to 
maintain  oxygen  consumption.  In  hyperventilated,  anemic  baboons,  red  cells  with 
decreased  2,3  DPG  and  Increased  affinity  for  oxygen  produced  a significant  Increase 
In  cerebral  blood  flow.  The  mechanism  by  which  red  cell  2,3  DPG  affects  cerebral 
blood  flow  Is  not  knownJvWhen  red  cells  with  1-1/2  to  2 times  normal  2,3  DPG  levels 
were  transfused,  the  2,3  DPG  level  In  the  circulation  usually  remained  Increased  for 
3 days  after  transfusion.  Nqd  cell  2,3  DPG  Is  Involved  In  oxygen  transport  by  Its 
effect  on  red  cell  production  via  erythropoietin  production  and  by  Its  effect  on 
oxygen  delivery  to  tissue  via  Its  ability  to  decrease  red  cell  affinity  for  oxygen 
and  to  decrease  blood  flow. 
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The  Physiological  Hole  of  Heil  Cell  2.3  Dl*(«  in  Oxygen  Transport 

Bv 

C.  It.  Valeri 


Oxygen  transport  is  a complex  biologic  interrelationship  involving  ventilation,  blood  flow,  rod  coll- 
hemoglobin  mass,  and  rod  coll  affinity  for  oxygon.  Red  cell  affinity  for  oxygon  in  rim  is  influenced 
by  the  olmraotor  of  the  hemoglobin,  the  body  temperature,  the  blood  pH  and  l\  ,,,.  the carboxy hemo- 
globin and  met  hemoglobin  levels,  and  the  red  cell  levels  of  2. it  I)l*(>.  ATI1,  and  inorganic  phosphorus. 
Since  the  reports  of  Benesch  and  Benesch  |l|  and  of  CllANUTIN  and  Cnnsisii  |2|  indicating  a direct 
relationship  between  the  2.2  Dl’tt  level  and  the  hemoglobin  affinity  for  oxygen,  there  has  been  con- 
siderable discussion  of  the  physiologic  importance  of  red  cell  2.2  1 ) 1 ’< « in  the  preservation  of  red  cells. 
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This  paper  reports  a series  of  observations  made  in  our  laboratory  over  the  past  5 years  regarding 
red  cell  2.2,  lll’t!  and  oxygen  transport  in  man  and  in  baboons.  We  have  studied  |I|  the  effect  of  red 
cell  2.:!  Dl’ti  on  affinity  in  rim  and  the  subsequent  effect  on  erythropoietin  production  in  normal 
male  volunteers  exposed  to  a simulated  altitude  of  4,500  meters;  |2|  the  effects  of  red  cells  with  low 
2. .‘I  Dl’ti  levels  and  increased  affinity  for  oxygen,  and  red  cells  with  elevated  2.2  Dili  levels  and  de- 
creased affinity  for  oxygen  transfused  to  hyperventilated,  anemic  male  baboons:  |2|  the  effects  of  red 
cells  with  low  2.2  1)11  llevels  and  increased  affinity  for  oxygen  transfused  to  stable  anemic  recipients; 
and  | 1 1 t lie  effects  of  I lierapcut  i,  transfusion  of  red  cells  wit  h I I 2 to  2 t imes  normal.  2.2  Dl’ti  levels 
on  red  cell  affinity  for  oxygen  in  rim  in  stable  anemic  recipients. 

The  Vm  value  in  rim  is  a reflection  of  bow  the  red  cells  are  affected  by  pll.  1 ’el,,,  temperature,  red 
cell  2.2  Dl’tl.  \T|’.  and  inorganic  phosphate  levels,  and  carboxyliemoglobin  and  met  hemoglobin  levels 
(Fig.  I)  |l  5|.  The  lb,,,  value  call  be  estimated  by  measuring  the  per  cent  saturation  and  the  l’0,  it' 


fiii'li  of  two  venous  lilooil  samples.  or  by  measuring  t hose  in  one  venous  bliss)  sample  jhiiI  using  an 
assumed  slope  (n  2.7)  of  the  oxyhemoglobin  dissociation  curve  (Fig.  2).  The  l’0,  was  measured  at 
37  t'  and  the  value  was  corrected  to  the  temperature  of  the  patient.  A decrease  in  red  cell  affinity  for 
oxvgen  is  associated  with  increases  in  hydrogen  ion  concentration,  temperature,  1\  and  red  cell 
2.3  I )!’(!.  ATI*,  and  inorganic  phosphate  levels  (Fig.  1).  An  increase  in  red  cell  affinity  for  oxygen  is 


associated  with  decreases  in  hydrogen  ion  concentration.  Iem|)erat tire,  l\0l.  and  red  cell  2.3  IM’ti. 


AIT.  and  inorganic  phosphate  levels,  and  with  increases  in  earboxyhemoglobin  and  met  hemoglobin 
levels  (Fig.  I). 
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Fig.  2.  Estimates  of  the  in  vino  P50  value 
from  two  venous  blood  sain  pies  and  from 
one  venous  blood  sample  and  an  assumed 
slope  of  n = 2.7  of  the  oxyhemoglobin 
dissociation  curve. 
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In  the  study  of  healthy  volunteers  exposed  to  a simulated  altitude  of  Lot  Id  meters,  the  in  rim  I’.,,, 
value  was  estimated  from  venous  blood  obtained  anaerobically  from  an  anteeubital  blood  sample 
without  stasis  while  the  subject  was  at  rest.  The  ill  rim  l*50  value  was  estimated  from  I'm  per  cent 
sat  unit  ion  and  the  l’0  of  the  venous  blood  sample  and  an  assumed  slope  of  2.1.  I taring  1 he  b hours  ol 
exposure  to  simulated  4.5(H)  meters  the  in  rim  l'5o  decreased  from  2S.(i  1 .0  mm  II g to  25.0  1 .2  mm 

tig.  at  a time  when  the  arterial  I Vo,  decreased  from  TS  to  .43  mm  l/g,  arterial  l\i,  decreased  In  111  nun 
llg,  and  the  arterial  pll  rose  from  7.40  to  7.4b  (Fig.  '!)  |b|.  Arterial  hypoxemia  and  alkalosis  stimulate 
an  increase  in  red  cell  2.3  Dl’ti  during  hypoxic  exposure  (Fig.  4)  |7.  S,  !t|.  Lenfant  and  co-workers  |7| 
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Kig.  It.  Mean  standard  deviation  of  artcriuli'/.ed  capillary  blood 
pH  and  In  rim  l’  n value  in  II  healthy  volunteers  prior  to  and  dm 
ing  2 1 hours  of  exposure  to  simulated  altitude  of  4.5(H)  meters.  The 
upper  panel  shows  the  values  during  a control  period,  and  the  lo- 
wer panel  shows  the  values  w hen  250  tug  of  Diamox  (aeeta/olantide) 
was  given  every  N hours  beginning  24  hours  prior  to  exposure 
(Mil. t.KK  el  ah,  1973). 
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reported  an  increase  followed  by  a decrease  in  urinary  erythropoietin  excretion  in  subjects  exposed  t « > 
high  altitude.  Miller  and  associates  |(i|  reported  that  about  IS  hours  after  exposure  the  erythropoietin 
level  reached  a maximum,  and  returned  to  normal  within  24  hours  of  exposure  (Fig.  5).  They  found 
that  in  both  tin-  serum  and  urine  the  initial  increase  and  subsequent  decrease  correlated  with  the 
in  rim  l‘v,  value  of  the  oxyhemoglobin  dissociation  curve.  The  erythropoietin-producing  cells  of  the 
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Fig.  4.*  Mean  [ standard  deviation  of  red  eel  I 
2, .‘I  DIM i concentration  in  0 volunteers  after  ex- 
posure to  4,500  meters  of  simulated  altitude 
during  a control  period  and  after  treatment 
with  Diamox  (Mu.i.i-.it  et  al..  1075). 
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Fig.  5:  Average  serum  erythropoietin  concentration  I SF.M  in 
5 volunteers  after  exposure  to  4.500  meters  of  simulated  altitude 
during  a control  period  and  after  treatment  with  Ihamox  (Mil  l kk 
et  al.,  1075). 
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kidnes  apparently  monitor  the  per  cent  saturation  of  the  blood  in  the  venous  portion  of  the  micro 
circulation.  \\  hen  the  ni  nro  l*50  value  decreased.  reflecting  an  increased  red  cell  affinity  for  oxygen 
erythropoietin  was  produced  (Figs.  5,  5). 'Flic  increased  blood  pll  and  low  l\.0(  st imulated  an  increase 
in  red  cell  2.5  DIM*  which,  in  turn,  decreased  tin*  reel  <*<*11  affinity  for  oxygen  when  the  pll  and  l\  o, 
were  constant  (Figs.  5.  4).  I In*  decrease  in  reel  cell  affinity  for  oxygen  as  a result  of  the  increased  2.5 
DIM  produced  a decrease  in  erythropoietin  production  (Figs.  5.  4.  5).  Miu  r.it  and  associates  |b|  showed 
that  treatment  of  the  healthy  volunteers  with  Diamox  (250  mg  4 times  a dnv)  24  hours  prior  to  and 
after  exposure  to  4, *>00  meters  prevented  the  alkalosis  and  the  decrease  in  the  in  rim  P50  value,  and 
blunted  the  ervt hrofioictin  increase  in  the  serum  and  urine  (Figs.  5.  5).  They  also  found  that  treatment 
with  Diamox  significant  In  increased  the  red  cell  2.5  DIM  and  serum  inorganic  phosphorus  levels 
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Fig.  t».  Clumps  in  actual  I*  l0  values  prior  to  ami  I hour 
after  hyperventilation,  1 hour  after  phlebotomy 
(2  hours  after  liyjwTV«  fit ilation),  ami  throughout  the 
4-hour  period  following  the  transfusion  of  red  cells 
with  high  or  low  affinity  for  oxygen  (Yai.kki  et  al.,  to 
he  published). 
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rig.  7.  Changes  in  oxygen  consumption  prior  to  ami  I 
hour  after  hyperventilation,  I hour  aftci  phlehctonix 
(2  hours  after  hvprevent ilation).  and  throughout  the 
4-hour  period  following  the  transfusion  of  red  cells 
with  high  or  low  affinits  for  oxygen  (Yai.iim  et  al.. 
to  be  published). 


Fig.  N.  Changes  ill  eerehral  blood  Mow  and  eardi.o  uuitpiit  I 
hour  after  phlebotomy  (2  bout**  after  hypervent ilatioid  and 
throughout  the  4-houi  period  following  transfusion  of  red 
cells  with  (high  or  low  affinity  for  oxygen  rolnti\<  to  tli< 
by  per vent  ilated  value  |Yu  i-  in  el  ,d..  to  he  puhtislu-di 


(Kin.  4)  [b|.  Lkskant  ami  i-o- Workers  [7|,  in  a study  similar  to  ours,  found  no  increase  in  red  cell 
2,2  The  increase  observed  in  the  study  of  Ml  l.LKK  and  associates  |ti|  was  probably  a result  of  the 

increase  in  plasma  inorganic  phosphorus. 

Baboon  red  cells,  like  hitman  red  cells,  undergo  a loss  of  2,2  1)1’(1  and  tin  increase  in  affinity  for 
oxygen  during  storage  in  the  liquid  anticoagulant  citrate-phosphate-dextrose  (Cl’l))  [!•>].  Like  human 
red  cells,  they  can  be  rejuvenated  with  a solution  containing  pyruvate,  inosine,  glucose,  phosphate, 
ami  adenine  (l’l(tl’A),  a procedure  which  increases  the  red  cell  2.2  l)l’(»  and  A I I’  levels  to  about 
1 — 1/2  times  normal.  The  red  cells  are  washed  prior  to  transfusion  to  remove  the  potentially  toxic 
substances  used  in  the  rejuvenation  procedure  | I I j.  The  physiologic  effects  of  transfusing  red  cells  low 
in  2.2  |)P(  1 and  with  increased  affinity  for  oxygen  have  never  been  clearK  elucidated.  We  studied 
baboon  red  cells  that  were  stored  in  Cl’l)  for  2 weeks  and  washed  prior  to  transfusion  (red  cells  low  in 
2,2  Dl’tl  and  with  increased  affinity  for  oxygen)  and  red  cells  stored  in  Cl’l)  for  2 weeks,  rejuvenated 
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Fig.  9.  Changes  i ti  red  cell  2.3  DPG  and  ATP  and  blood  inorganie 
phosphorus  levels  prior  to  and  1 hour  after  hyperventilation,  1 hour 
after  phlebotomy  (2  hour s after  hypervent ialtion),  and  throughout 
the  4-hour  period  following  the  transfusion  of  red  cells  with  high  or 
low  affinity  for  oxygen. 
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with  l’KU’A.  and  washed  prior  to  transfusion  (red  cells  high  in  2.2  DI’C  and  with  decreased  affinit\ 
for  oxygen)  1 12).  The  baboons  were  anesthetized  and  passively  hyperventilated  by  increasing  the  tidal 
volume  and  t he  respiratory  rate.  They  remained  hyperveiit  ilated  t hroughont  t lie  si  nd\ . After  one  hour 
of  hyperventilation,  an  acute  phlebotomy  of  approximately  .">00  nil  of  blots  I reduced  the  red  cells  b\ 
about  .TV’,,.  Blood  pressure  ami  blood  Volume  were  maintainetl  by  infusing  sodium  chloride  solutions 
in  an  amount  2 to  2 ( i rites  t he  shell  volume  of  blots  I . I led  cell  affinity  for  oxygen  in  rim  was  estimated 
from  a blood  sample  obtained  from  the  pulmonary  artery  and  one  from  the  jugular  vein,  anil  the  mean 
value  is  reported  (Fig.  b).  The  in  rim  l’5„  value  was  about  24  mm  llg  prior  to  hypervent ilat ion.  ami 
about  2U  mm  llg  after  1 hour  of  hypcrvenl  ilat  ion.  at  a lime  when  the  arterial  I’,  (l,  was  20  mm  llg.  ami 
the  pll  was  about  7.0  (Fig.  ti).  A decrease  in  the  in  rim  I’,,,  from  ill  to  2<i  mm  llg  was  associated  with 
hypervent  ilat  ion.  but  it  produced  no  change  in  oxygen  consuinpt  ion,  cart  line  out  put,  or  cerebral  bits  si 
flow  (Figs,  b,  7.  K).  The  l’0t  decreased  bv  about  10  mm  llg  in  the  pulmonary  artery,  ami  by  about 
17  mm  llg  in  the  jugular  vein.  The  greater  decrease  in  1’0,  in  the  jugular  vein  was  associated  with  a 
decrease  in  cerebral  blood  flow.  Hypcrvenl  ilat  ion  was  associated  'til  It  a decrease  in  ret  I cell  anil  plasma 
inorganie  phosphorus  levels  (Fig.  II).  There  was  no  change  in  oxygen  consumption,  cardiac  output, 
or  cerebral  blood  flow  following  the  phlebotomy  anil  infusion  of  crystalloid  solutions  (Figs.  7.  S). 

I’reserved  red  cells  w ith  2,2  I > I ’( . levels  of  2.0pM/g  Mb,  ATI’  levels  of  about  2.0  p.M  g lib.  and  l’M 
values  in  rilrn  of  about  2f  nun  llg  (measured  by  the  Bki.i.inom  \m  and  IIthiins  procedure  1 12|.  or  red 
cells  with  2.2  l*l’(!  levels  of  IHuM/g  Mb,  ATI’ levels  of  about  7.0  pM  g lib. and  l’50  values  in  rilrn  of 
about  II  min  Mg  were  rapidly  infused  into  the  hyperventilated,  anemic  baboons.  The  transfusion  of 
red  cells  with  low  2.2  DI’H  and  high  affinity  for  oxygen  produced  no  significant  change  in  oxygen 


consumpt  ion.  a slight  Inn  insignificant  increase  in  cardiac  out  pul . and  a highly  significant  increase  in 
ccrcliral  Mood  flow  (Kies.  7.  S).  Tin*  l’l(i  value  increased  in  lioth  (lie  pulmonary  artery  ami  (lie  jugular 
venous  lilood  samples.  Immediately  upon  infusion  (here  was  a .'t  mm  llg  decrease  in  the  in  rim  l’51l 
value  and  a decrease  in  (lie  red  cell  2. It  Dl’t!  level  ( Figs,  (i,  it).  During  the  2-hour  post l ransfusion  period 
the  eerehral  Mood  flow  decreased  to  pre-transfusion  levels,  and  this  decrease  was  associated  with  a 
rapid  increase  in  red  cell  2. It  Dl’ti  ( Figs.  S.  it)  [14.  Ia|.  The  rapid  increase  in  2. It  I >l’t  ! in  ha  boons  t Ians 
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I'itf.  In.  Delation  between  ml  eell  mass 
<lefieit  anti  '277  Dl’(J  level  (V\l.KKl  ami 
Imiktii  k.  IJMiH). 
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Dig.  11.  24 -Hour"  post  t ransfusion  survi\ 
al  anti  lifespan  values  of  red  rolls  stored 
in  (’I’D  al  4 (’  for  2 days  prior  to  reju- 
venation. anti  freeze- preserv ’al  ion  with 
40%  W/V  glyeerol  al  SO  C Thm- 
patients  (K.  \V  , M.  I...  .1.  \\ .)  reeeivetl 
t be  retl  cells  wit  bin  I hours  of  washing. 
The  retl  eell  2.11  DIM;  ami  ATI’  levels 
ami  the  l*i0  value  are  reported  lot  rat  h 
patient  (V  \i.i  to.  ItIT.’l). 


fused  with  red  cells  low  in  271  l)|’( ! was  associated  wit  h an  elevat  ion  in  pi  I to  ahout  7. ti  and  a decrease 
in  the  plasma  inorganic  phosphorus  level.  The  in  rim  l’50  value  did  not  increase  during  the  hour 
|iost transfusion  period,  since  with  the  increase  in  red  eell  2.:!  Dl’ti  there  was  a corresponding  increase 
in  hlood  pll.  The  changes  in  eerehral  Flood  flow  were  not  accompanied  hy  changes  in  the  in  rir ..  I\  , 
value  (Figs.  li.  S).  When  the  baboons  received  red  cells  with  2.:l  Dl’t  I levels  about  I I 2 t hues  normal 
and  decreased  affinity  for  oxygen,  there  was  no  change  in  oxygen  consumption,  and  the  decrease  in 
the  eerehral  hlood  flow  or  cardiac  output  was  insignificant  (Figs.  7.  S).  The  transfusion  of  red  cells 
with  low  affinity  for  oxygen  increased  the  in  rim  l’51)  value  hy  5 nun  llg  (Fig.  til.  The  2 It  Dl’t!  level 
increased  during  the  2-hour  post  transfusion  period,  suggesting  that  there  were  substances  in  the 
rejuvenated  red  cells  which  were  converted  to  2 .It  Dl’t!  after  transfusion  (Fig.  !h.  The  values  were 
similar  in  the  pulmonary  artery  and  jugular  venous  blood  w hot  her  I he  baboons  received  red  cells  with 
high  or  low  2.1!  Dl’t!  levels.  The  auto-regulation  of  eerehral  blood  flow  was  apparently  influenced  h\ 

I he  2. It  Dl’t ! level  and  not  by  the  in  rim  l’Sl,  value  or  the  I ’so,  level  of  the  jugular  vein  i Figs,  n . >n  In 
hal ns  transfused  with  red  cells  with  elevated  2. It  Dl’t!  levels,  the  red  cell  2.11  Dl’t!  level  decreased 


to  ii  normal  value  over  the  24-hour  post  transfusion  period;  in  the  haboon  transfused  with  red  cells 
with  low  2.4  l)P(i  levels,  the  red  eeJl  2.2  l)P(J  level  increased  to  a normal  value  over  the  24-hour  post- 
tra-nsfusion  period. 

In  another  study,  stable  anemic  recipients  with  slightly  elevated  blood  pH  were  transfused  with 
2 to  5 units  of  washed,  liquid  -stored  red  cells  low  in  2,2  1)P(J  and  with  increased  affinity  for  oxygen 
[H»|.  The  cardiac  index  increased  immediately  after  the  transfusion  and  it  returned  to  normal  within 

Calculated 


Fig.  12.  Efforts  of  transfusing  to  F.  \V.,  a 20 -year -old  male 
with  traumatic  injuries,  (>  units  of  rejuvenated,  freeze-pre- 
served, washed  red  cells  with  2,2  DP(i  levels  of  20  gmoles/g 
Hb  and  Pr>0  values  of  38  nun  Hg  to  correct  a red  cell  mass 
deficit.  Red  cell  mass,  Pl0  value  in  vitro  by  the  Bellingham 
ami  Huehns  procedure,  red  cell  2,3  1)P(»  and  ATP  levels,  red 
cell  pH,  ami  plasma  inorganic  phosphorus  levels  are  re- 
ported (Vai/kri,  1973). 


Fig.  13.  Kffects  of  transfusing  to  L.  II..  a 
23-year-old  male  with  traumat ic  injuries. 
3 units  of  red  cells  with  2.3  |)P(J  levels 
of  20  prnoles/g  III*  and  in  ritro  P,0  value 
of  4f>  mm  llg.  Red  cell  mass,  red  cell  Pl0 
value  in  vivo  and  in  vitro , whole  hlood 
and  red  cell  pH.  plasma  inorganic  phos- 
phorus,  red  cell  2,3  DPCJ  and  ATP  levels, 
and  tairhoxyhenioglohin  level  are  report  - 
ed.  Bed  cells  were  stored  in  ACDat  4 ( ' 
for  2 days,  rejuvenated,  frozen  with  40% 
W/V  glycerol  and  store  at  HOT.  washed 
in  the  I BM  Blood  Cell  Processor  with  2.2 
liters  of  sodium  chloride  solutions,  and 
stored  at  4 C for  24  hours  in  a sodium- 
ehloride-glucosc  phosphate  solution  (V  x- 
i-kri.  1973). 
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I hours  of  i In- 1 musfiision.  'I'll.'  iliff.Tt'iH  .'  in  oxygen  <-on1  <-nt  i >< -t  wren  i )■<•  frmornl  .iri.  rv  and  pulmonary 
artery  decreased  immediately  after  llu-  transfusion.  anil  within  4 hours  after  transfusion  it  was  within 
normal  limits.  During  l It.-  I hour  post  transfusion  period  the  iiu-reaso  in  oxygen  extraction  from  the 
systemic  cir.  u la  I ion  was  associated  w it  li  an  increase  in  red  cell  2.3  1)131  | Hi],  As  in  the  liahoou  st  udies. 
the  pulmonary  artery  P0t  increased  immediately  after  the  transfusion.  ( 'iretilat  inn  red  cells  with 
increased  affinity  for  oxygen  in  rim  may  pose  a demand  for  increased  blood  flow  or  ureal er  extraction 
of  oxygen  from  the  red  cells,  or  hot  h.  Since  it  is  difficult  to  assess  I*,,  in  t issue,  mixed  venous  blood  I’,, 
is  usually  measured.  This  measurement  reflects  the  combined  effects  of  blood  flow  to  tissue  and  the 
oxygen  consumption  by  tissue,  but  it  does  not  usually  reflect  the  red  cell  affinity  for  oxygen. 

The  well-being  of  some  patients  may  be  placed  in  jeopardy  if  they  are  not  able  to  meet  the  demand 
for  increased  cardiac  output  following  transfusion  of  preserved  rod  cells  with  high  affinity  for  oxygen. 
Patients  who  require  transfusion  usually  have  elevated  2.3  I > I “<  i levels  (Fig.  Id)  |I7|.  Thus,  red  cells 
with  I - 1/2  to  2 times  normal  2..'!  DIM  levels  should  he  t ransfused  to  improve  oxygen  t ransporl  during 
the  2t-  to  72-hour  posttransfusion  period  without  demanding  an  increase  in  blood  flow.  Med  cells  can 
lie  stored  in  CPI)  at  4 C for  2 days  before  inoubaf ion  with  a I’lt.l’A  solution  ft  I.  is  2d|.  After  incu- 
bation at  37  C for  1 hour,  red  cells  with  elevated  2.3  DIM  and  ATP  levels  can  be  prepared.  The  red 
cells  are  then  ready  for  glycerolization  and  freezepresorv.it  ion  with  either  40".  \V  V glycerol  and 
storage  at  SO  C or  with  20",,  W V glycerol  and  storage  tit  150  ('  (Fig.  11).  The  2,3  DIM  levels  of 
I he  transfused  red  cells  will  usually  remain  elevated  for  2 to  3 days  after  infusion  (Figs.  12,  13).  Simple 
systems  for  washing  previously  frozen  gly.erolized  red  cells  are  now  available  for  w idespread  clinical 
use.  The  washing  procedures  remove  the  adenine  and  inosinc  used  in  the  rejuvenation  solution.  \s 
many  us  li  units  of  red  cells  w ith  I I 2 to  2 limes  normal  2.3  l>P<  I have  been  transfused  to  a single 
patient  (Fig.  12). 


S a in  in  a ry 

The  physiologic  role  of  red  cell  2.3  1)131  lias  been  studied  in  various  situations.  Healthy  volunteers  were  studied 
after  exposure  to  a simulated  altitude  of  4. .300  meters.  Stable  anemic  recipients  were  studied  to  determine  the 
effects  of  therapeutic  transfusions  of  red  cells  with  low  2,3  J)i3i  and  high  affinity  for  oxygen,  and  the  effects  of 
transfusion  of  red  cells  with  t I 2 to  2 times  normal  2.3  1)131  levels,  llypcn  cut  dated,  anemic  baboons  were 
studied  to  determine  the  effects  of  therapeutic  transfusions  of  red  cells  with  high  2.3  |)|31  and  low  affinity  for 
oxygen  and  of  red  cells  with  low  2.3  1)131  and  high  affinity  for  oxygen. 

The  red  cell  2.3  1)131  level  affects  the  in  rim  l’i0  value  which,  in  turn,  affects  erythropoietin  product  ion.  In  the 
baboon,  the  red  cell  2.3  1)131  level  has  been  shown  to  increase  oxygen  delivery  to  tissue  and  decrease  blood  flow 
rccpiirements  to  maintain  oxygen  consumption.  In  hyperventilated,  anemic  baboons,  red  cells  with  decreased 

2.3  1)131  and  increased  affinity  for  oxygen  produced  a significant  increase  in  cerebral  blood  flow  . The  mechanism 
by  which  red  cell  2.3  DIM  affects  cerebral  blood  flow  is  not  known.  When  red  cells  will.  I I 2 to  2 times  normal 

2.3  1)1*0  levels  were  transfused,  the  2.3  l>l*tl  level  in  the  circulation  usually  remained  increased  for  3 days 
after  transfusion,  lied  cell  2,3  1)131  is  involved  in  oxygen  transport  by  its  effort  on  rod  roll  production  via  erythro- 
poietin production  and  h\  its  effect  on  oxygen  delivery  to  tissue  via  its  ability  to  decrease  red  cell  affinity  fot 
oxygen  and  to  decrease  blood  flow. 
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Discussion 

R afofort,  S.,  Berlin  (DDR): 

1.  Is  it  not  likelv  that  erythropoietin  production  is  strongly  affected  by  pH’:  The  effect  of  Diamox  to  inhibit  the 
erythropoietin  production  consists  in  a lowering  of  pll. 

2.  It  would  appear  that  tlie  alkalosis  with  its  effects  on  blood  flow,  inorganic  I’,  and  cellular  metabolism,  and  the 
(>., -dissociation  curve  have  a complex  importance.  It  may  be  that  for  such  reasons  the  venous  P0l  tolls  us  little 
what  goes  on. 

3.  I think  that  1\  is  quite  important,  both  for  the  DPR  level  and  in  its  effects  on  tissue  cells.  You  had  some 
variations  which  are  not  clear  to  me. 

Valeri,  Chelsea: 

Thank  you  Professor  Rafoport  for  your  stimulating  questions.  Regarding  mixed  venous  P0l,  our  data  suggest 
that  this  measurement  is  more  a reflection  of  blood  flow  than  of  red  cell  affinity  for  oxygen.  Our  studies  showed  no 
relation  between  red  cell  affinity  of  preserved  red  cells  and  mixed  venous  P0l  when  adequate  blood  flow  is  main- 
tained. In  the  baboon  the  P()j  fell  by  10  mm  Hg  in  the  pulmonary  artery,  and  by  17  mm  Hg  after  1 hour  of  hyper- 
ventilation, during  which  time  the  red  cell  Pl0  value  in  vivo  decreased  by  7 mm  Hg.  cardiac  output  did  not  change, 
and  cerebral  blood  flow  significantly  decreased.  Me  have  not  found  that  the  affinity  lor  oxygen  of  preserved  red 
cells  influences  tile  mixed  venous  Ptj,  level  when  adequate  blood  flow  is  maintained. 

Regarding  your  second  question,  it  is  possible  that  pH  has  a direct  effect  on  erythropoietin  production,  and  this 
action  may  have  contributed  to  the  reduced  erythropoietin  production  in  the  Diamox -treated  state.  However, 
our  data  do  not  permit  any  conclusions  in  this  respect. 

In  answer  to  your  third  question  regarding  the  role  of  inorganic  phosphate  and  factors  influencing  plasma 
phosphorus,  the  level  of  plasma  inorganic  phosphorus  falls  significantly  with  alkalosis  and  hypocarbia.  Plasma 
inorganic  phosphorus  translocates  from  the  blood  into  the  tissue,  and  urinary  phosphorus  excretion  is  significantly 
reduced.  As  Dr.  Rapoport  noted,  the  plasma  inorganic  phosphate  level  increased  immediately  after  transfusion 
because  the  washed  red  cells  were  suspended  in  a glucose-phosphate-sodium  chloride  solution  (Fig.  9).  As  seen  in 
Fig.  9.  there  was  a significant  decrease  in  the  plasma  inorganic  phosphate  level  during  the  2-hour  posttransfusion 
period  in  the  baboons  who  received  red  cells  with  low  2.3  DPR  and  increased  affinity  for  oxygen.  Tile  decrease  in 
plasma  inorganis  phosphorus  was  associated  with  the  increase  in  the  red  cell  2.3  DPR  level  that  occurred  during 
this  period.  Understanding  the  control  of  plasma  inorganic  phosphorus  metabolism  is  very  important  in  under- 
standing the  complicated  problem  of  oxygen  transport. 

Mixakami,  Fukuoka: 

Me  would  like  to  present  results  of  2,3-dipbospboglyeerate  (DPR)  analyses  routinely  carried  out  at  National 
Xakano  Chest  Hospital  for  patients  of  thoracic  diseases.  The  aim  of  this  discussion  is  to  analyze  the  relative  eon 
trihutions  of  three  factors,  namely.  pH.  Pat),  and  hematocrit  values,  on  the  DPR  level. 

Notable  correlation  was  found  between  DPR  and  arterial  pH  as  show  n in  Figure  1 . This  is  in  agreement  with  the 
in  rilro  observations.  Similarly,  negative  correlation  was  found  between  DPR  and  hematocrit  values  in  a group 
with  physiological  arterial  pH,  as  shown  in  Figure  2.  As  acidotic  and  alkalotic  eases  were  excluded,  the  often 
discussed  contribution  of  hypoxic  alkalosis  may  be  neglected.  Fig.  3 shows  the  dependence  of  the  DPR  level  on 
Pat).,  ill  cases  with  physiological  pH  and  hematocrit  values.  Although  the  increased  level  of  DPR  was  observed  in 
eases  with  low  Put).,,  relatively  poor  correlation  was  found. 


Fig.  I.  The  correlation  bet  ween  pll  ami  RPR 
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In  connection  with  the  influence  of  pH  and  I'alh,  we  would  like  to  show  Figure  4.  uhieli  i ml i rates  the  different 
effect  of  l*aOa  in  acidotic  and  alkalotic  groups.  Although  the  nuinhers  of  cast's  are  not  sufficient  to  give  definite 
conclusions,  we  would  like  to  suggest  that  in  an  alkalotic  group,  the  correlation  is  negative,  while  the  tendency  is 
observed  to  have  a positive  correlation  between  DIM.*  and  Pa().,  in  an  acidotic  group.  If  this  tendency  is  definite, 
the  explanation  may  he  that  in  acidotic  eases,  the  oxygen  affinity  curve  is  shifted  to  the  right  so  much  bv  Rohr 
effect,  that  compensation  to  shift  back  the  curve  to  proper  position  is  working  in  hypoxic  state  to  transport  more 
oxygen,  by  decreasing  PPG  level. 

Mean  and  standard  deviation  of  DIM*  in  each  group  is  shown  in  Table  1. 

Table  1 

Dependence  of  Red  Cell  DPG  on  pH,  Pa02  and  Hematocrit 
Physiological  (pH  7.35-  7.45,  PaO*  ^ So  mm  Hg  and  lit  35%) 
n — 50  4.89  i 0.40  (umol/ml  cell) 

Dependence  on  pH  (other  conditions  physiological) 
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4.99  ± 0.47 

90 

49 

4.93  0.47 

1>E  Verdi er,  Uppsala: 

DPG  depletion  in  the  erythrocytes  means  increased  oxygen  affinity  and  a sufficient  amount  of  oxygen  can  Ik* 
delivered  either  by  increasing  the  blood  flow  as  you  have  show  n or  by  decreasing  the  venous  P,)t  as  some 
other  investigators  have  shown.  Almost  all  oxygen  consuming  enzymes  in  the  tissues  have  extremely  low  Re- 
values for  oxygen.  Therefore  they  ought  to  function  well  also  at  very  low  oxygen  tensions.  You  have  reported  tin* 
interesting  finding  that  an  increase  in  DPG  will  decrease  tin*  secretion  of  erythropoietin.  It  could  then  In*  suggested 
that  the  main  function  of  DPG  is  not  to  increase  oxygen  tension  in  the  tissues,  hut  to  shut  of  tin-  eryt hmpoict hi 
production.  A prolonged  erythropoietin  production  could  lead  to  a too  high  hemoglobin  product  ion  as  there  is  a 
considerable  lag  time  between  tin*  increase  of  the  erythropoietin  production  and  the  response  on  tin  hemoglobin 
concentration  in  the  circulating  blood.  Would  you  care  to  comment  on  this  suggestion  which  I know  you  have 
considered? 

Valeri.  Chelsea: 

I agree  with  Dr.  de  Verdiek  that  red  cell  2,3  DPG  influences  the  red  cell  affinity  in  ■ "<>  and  that  the  in  rim 
affinity  state  of  red  cells  is  related  to  erythropoietin  production.  The  effect  to  red  cell  2.3  DIM*  on  red  cell  affinity 
in  riro  and  eryt  hropoict  in  product  ion  is  a slow  adjust  ment  in  t In*  oxygen  t rans|M>rt  system.  Unlike  Dr.  hi  \ i kdi  i;r. 
I believe  that  red  cell  2,3  DPG  may  la*  very  important  in  the  transfusion  of  seriously  ill  patients.  I>ur  laboratory 
has  reported  on  the  preservat  ion  of  human  red  cells  w it  h I 1/2  to  2 t inics  normal  2.3  DPG  using  In  pi  id  and  freezing 
procedures,  and  of  red  cells  rejuvenated  with  solutions  containing  pyruvate,  inosine.  glticnsc,  phosphate,  and  ado 
nine.  After  washing,  rejuvenated  red  cells  have  good  post  transfusion  survival  and  decreased  affinity  for  oxygen. 
Preserved  red  cells  with  I 1/2  to  2 times  normal  2.3  PPG  levels  may  he  important  in  patients  with  compromised 
cardiac  and  cerebral  circulation.  Our  laboratory  is  now  studying  the  transfusion  of  n*d  cells  with  low.  normal, 
and  I I 2 to  2 times  normal  2,3  DPG  levels  to  determine  their  effects  on  myocardial  function  in  patients  under- 
going extracorporeal  circulation.  Red  cells  with  increased  2.3  DPG  (I  1/2  to  2 times  normal)  will  usually  circulate 
for  24  hours  to  3 days  with  decreased  affinity  for  oxygen,  and  during  this  jH'iiod  may  reduet'  the  heart  and  blood 
flow  requirements  for  maintaining  normal  oxygen  transport. 

\ krsmold.  Mum-lien: 

Discussing  the  direct  effect  of  low  blood  < ).,  affinity  it  had  been  assumed,  that  an  impairment  of  the  microsomal 
O,  consuming  system  (mixed  function  oxidation)  might  occur  at  a higher  critical  P()|  than  of  the  mitochondrial 
respiratory  chain.  In  the  model  of  the  lib-free  perfused  rat  liver  the  redox  state  of  the  microsomal  cy  tochromes 
P I ”»o  and  b,  as  well  as  of  the  mitochondrial  cytochromes  b,  c.  aa3  has  been  directly-  registered  by  transmittance 
sfcctroscopy  (Krauscr  19418). 

With  decreasing  PUg  the  reduction  of  microsomal  and  mitochondrial  cytochromes  oce tired  simultaneously, 
indicating  that  in  the  intact  organ  there  is  no  significant  difference  hi  4R  sensitivity  of  these  systems. 
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